One sentence summary: The work describes the characterisation of a previously undescribed gene that is widely conserved and affects intracellular magnesium concentration. Editor: Sergio Casella
INTRODUCTION
Ensifer meliloti is a Gram-negative α-proteobaceteria which can exist either as a free living organism in the soil or in a symbiotic relationship with legumes. When existing in a symbiotic relationship with Medicago sativa, E. meliloti reduces atmospheric nitrogen to ammonia which is provided to the plant, and in exchange receives nutrients from the legume. To establish an effective symbiosis, a complex signal exchange must take place (Oldroyd 2013) . In the initial steps of symbiotic establishment, rhizobia recognise plant-produced organic molecules called flavonoids. Flavonoid recognition results in the activation of the nod genes, and subsequently the production of Nod factors by rhizobia (Jones et al. 2007) . Nod factor recognition by the plant results in root hair curling, the formation of curled colonised root hairs (CCRH) and replication of plant cells which will form the nodule (Oldroyd et al. 2011) . From the CCRH, infection proceeds through a plant-derived structure called the infection thread (IT) to the plant cells forming the nodule.
Here rhizobia are endocytosed and terminally differentiated into bacteroids which fix nitrogen for the legume (Geddes and Oresnik 2016) .
In order for symbiosis to progress through the IT, constant production of Nod factor and exopolysaccharides (EPS) is required (Jones et al. 2007) . Ensifer meliloti is capable of producing two symbiotically active types of EPS: succinoglycan (EPS-I) and galactoglucan (EPS-II) (Skorupska et al. 2006) . EPS-I consists of a repeating polymer of a single galactose linked to seven glucose units which can be modified with acetyl, pyruvyl and succinyl groups (Reinhold et al. 1994) . The production of EPS-I is typically visualised by a calcofluor bright phenotype when observed under UV light (Finan et al. 1985; Leigh, Signer and Walker 1985) . EPS-II is a polymer of repeating glucose and galactose units which can be decorated by acetyl and pyruvyl groups (Her et al. 1990 ). This polysaccharide is not typically produced in Rm1021 due to an insertion element in the regulator expR, though production can be restored through a mutation in the mucR gene or in phosphate-limited conditions (Oresnik, Charles and Finan 1994; Keller et al. 1995; Mendrygal and González 2000; Pellock, Cheng and Walker 2000) . EPS-II production is generally visualised as a mucoid phenotype (Glazebrook and Walker 1989) .
It has been recently shown that succinylated EPS-I is primarily involved in symbiotic establishment (Mendis et al. 2016) . However, in strains carrying an intact expR gene, it has been shown that LMW EPS-II can also be used in the absence of EPS-I to establish an effective symbiosis (González, Reuhs and Walker 1996) . Current suggested roles for EPS include immune system dampening, stress tolerance and symbiotic signalling (Jones and Walker 2008; Lehman and Long 2013; Kawaharada et al. 2015) .
Salt concentrations have been shown to influence the production of both EPS-I and EPS-II (Lloret et al. 1998; Mendrygal and González 2000; Miller-Williams, Loewen and Oresnik 2006) . Previous work has shown magnesium can suppress EPS-II production in an expR + background (Miller-Williams, Loewen and Oresnik 2006) . This reduction was not observed when either Li + or Ca 2+ was added, suggesting that the dry phenotype observed was due to magnesium and not the osmolarity of the medium. To this end, we mutagenised an expR + strain of E. meliloti, screening for mutants which would not be suppressed in EPS-II production under high magnesium concentrations. The majority of the mutants isolated were previously characterised, and shown to be increased in EPS-I production. However, a mutation in the previously uncharacterised gene SMc00722 was isolated. This mutation was characterised in an attempt to define the role that this gene plays in E. meliloti.
MATERIALS AND METHODS

Bacterial strains and media
Ensifer meliloti strains were regularly grown at 30
• C in TY (Beringer 1974) , GYM (Dylan, Helinski and Ditta 1990) or LB (Sambrook and Russell 2001) . When necessary mannitol was filter sterilised and added to the medium to a final concentration of 15 mM. Antibiotics were added to media when necessary at the following concentrations: streptomycin, 200 μg ml −1 ; neomycin, 200 μg ml −1 ; chloramphenicol, 20 μg ml −1 ; and tetracycline, 5 μg ml −1 . When required, 10 mM deoxycholate (DOC) or 0.02% w/v calcofluor was added to growth media as required.
Genetic techniques, plasmids, DNA manipulations and sequencing
Tri-parental matings, Tn5 transposon mutagenesis and transductions were carried out essentially as previously described (Finan et al. 1984; Finan, Oresnik and Bottacin 1988) . Standard procedures were used for DNA manipulations (Sambrook and Russell 2001) . A plasmid (pJH100), constitutively expressing the gene SMc00722, was constructed by recombining SMc00722 into pCO37 using the E. meliloti ORFeome as previously described (Jacob et al. 2008; Geddes and Oresnik 2012) . The point of insertion in mutants isolated from Tn5 mutagenesis experiments was determined by the use of an arbitrary PCR protocol as previously described (Miller-Williams, Loewen and Oresnik 2006) .
Biofilm assays
Biofilm assays were adapted from a previously described method (O'Toole and Kolter 1998) . Essentially 5 mL cultures were grown in glass test tubes containing GYM medium at 30
• C for 7 days. Bacterial growth was measured by optical density and the cultures were removed. The test tubes were air-dried for 20 min and then fixed by heating at 60
• C for 30 min. The biofilms were then stained for 1 min with 2 mL of crystal violet solution. Tubes containing the fixed, stained biofilms were washed three times with 5 mL of ddH 2 O to remove excess crystal violet and subsequently decolourised using 5 mL 95% ethanol. The crystal violet was quantitated using a spectrophotometer (OD 570 ), and the value was normalised to the optical density of the initial culture.
EPS determination
Cultures were grown in GYM media containing different concentrations of magnesium at 30
• C for 5 days. Cultures were harvested by centrifugation (4000 × g, 20 min), the EPS from the resultant supernatants was precipitated using cetrimide and was then resuspended in 10% NaCl. EPS was then quantified using the anthrone-H 2 SO 4 method (Morris and Gonzalez 2009 ). The amount of EPS present was normalised to the OD 600 of the culture.
Plant assays
Plant experiments were carried out as previously described (Poysti et al. 2007 ). Briefly, surface-sterilised alfalfa seeds were germinated on water agar plates and then transplanted into Lenoard jars containing a 1 : 1 mixture of sand and vermiculite that had been soaked with nitrogen-free Jensen's medium. After 3 days, plants were inoculated with 10 5 bacteria per plant.
Plants were harvested 28 days after inoculuation. Symbiotic proficiency was quantitated by determining plant dry weights as an integrative measure of overall nitrogen fixation when grown in nitrogen-deficient conditions (Hunt and Layzell 1993) . To determine the effect of salt stress, the concentration of NaCl in Jensen's medium was adjusted to 0, 25, 50, 100 and 150 mM. Plants used for competition for nodule occupancy experiments were grown as described above. Inoculums of wild-type and mutant were made to contain approximately a 1 : 1 ratio (mutant:wild-type). Actual inoculum ratios were determined by plating and screening for antibiotic markers. After 28 days, individual nodules were picked, surface sterilised, crushed and spotted onto agar plates containing appropriate antibiotics for strain determination. Ratios of the mutant:wild-type in the inoculum were then compared to the ratio of nodules occupied the mutant.
Measurement of intracellular magnesium accumulation
Intracellular magnesium concentrations were determined using a method previously described for measuring intracellular K + , with minor modifications (McLaggan et al. 2002; Lee et al. 2007 ).
Cultures were grown in GYM containing 20 mM Mg 2+ to an OD 600 ∼ 0.4 and then harvested on 0.4 μm nitrocellulose filters. Cells were then washed dropwise with 5 mL Mg 2+ -free GYM containing 50 mM NaCl to remove externally bound EPS, and then resuspended into 10 mL of Milli-Q water. The OD 600 of each of the cultures was taken, and then cells were boiled at 90
• C for 10 min. Cell debris was removed by centrifugation at 13 000 rpm for 20 min, and supernatant was removed to a new tube. Released Mg 2+ was quantified using a high-resolution inductively coupled plasma mass spectrophotometer. Samples from independent biological samples were measured in triplicate. 
RESULTS
Tn5 mutagenesis and isolation of SMc00722 mutant
A mutation in SMc00722 causes an increase in EPS-I production
Our goal had been to isolate mutants which affected EPS-II production due to increased magnesium concentrations; however, mutations in exoX and emmB have been shown to increase EPS-I production regardless of magnesium concentration (Zhan and Leigh 1990; Morris and Gonzalez 2009) . While mutations in phoCDET have been shown to affect EPS-II production (Oresnik, Charles and Finan 1994) , it has been suggested that phoCDET transcription could play a role in regulating EPS-I through phoB (Mendrygal and González 2000) . The mucoidy associated with a mutation in SMc00722 could be due to an increase of either EPS-I or EPS-II production. To determine this, mutations preventing production of either EPS-I (exoA) or EPS-II (expA1) were transduced into the SMc00722 mutant strain in the expR + background. In addition, the Tn5 insertion in SMc00722 was transduced into Rm1021 making strain SRmA687. It was found that mucoidy associated with the SMc00722 mutation in the expR + background was dependent upon exoA and not expA1 (data not shown). When Rm1021 and SRmA687 were streaked onto LB containing 50 mM magnesium, Rm1021 was still visibly dry, whereas SRmA687 was slightly mucoid (data not shown). Taken together, these results indicate that the observed mucoidy was due to increased EPS-I production.
To determine if EPS-I production was altered by increased Mg 2+ concentrations, strains were streaked on GYM plates supplemented with Calcofluor with increasing magnesium concentrations (Fig. 1A) . Increasing fluorescence was observed for both strains as Mg 2+ concentrations increased. No visible difference in fluorescence between the strains was observed. Direct quantitation of produced EPS-I under these conditions showed increased EPS biosynthesis when the concentration of magnesium in medium is increased above 10 mM (Fig. 1B) . However, SRmA687 was found to produce more EPS-I at all concentrations of magnesium that were tested.
SMc00722 mutants increase biofilm formation
EPS is one of the major components involved in the formation of biofilm. It has been shown that the production of EPS-I and biofilms are both regulated through ExoS/ChvI/ExoR, and increased production of EPS-I has been correlated with increased biofilm formation (Chen et al. 2009; Rinaudi and Gonzalez 2009; Bélanger and Charles 2013) . As such, the ability to produce biofilms was also investigated (Fig. 2) . The amount of biofilm produced by Rm1021 was not significantly different at any of the tested magnesium concentrations. The production of biofilm by SRmA687 was also not found not to be different except at a concentration of 50 mM magnesium, where a significant increase of biofilm formation was observed.
A mutation in SMc00722 decreases stress tolerance
Increased production of EPS and biofilms has been suggested to play a role in the tolerance of many stresses such as detergents, desiccation, salt stress, oxidative stress and pH stress ( To determine if SRmA687 had any sensitivities to applied stress, it was tested for tolerance to DOC, a detergent often used to assay membrane defects, as well as increased concentrations to magnesium. It was found that whereas Rm1021 showed a 2 log decrease in growth when grown in the presence of DOC, SRmA687 exhibited a 5 log difference when DOC is present in media (Fig. 3A) . When tested for growth using elevated concentrations of magnesium, Rm1021 was unaffected by the addition of 100 mM of Mg 2+ . However, SRmA687 exhibited a 5 log decrease in observable CFU/mL at 100 mM of magnesium (Fig. 3B) . To test if these phenotypes were directly attributable to the loss of SMc00722, a plasmid, pJH100, containing a wild-type copy of SMc00722 was introduced into SRmA687. The introduction of this plasmid was able to restore growth of on both DOC and 100 mM magnesium (data not shown).
Intracellular magnesium concentrations are increased in SMc00722 mutants
A BLASTP search of SMc00722 shows that it is predicted to be a hypothetical transmembrane protein with two to three transmembrane domains, and have weak homology to a magnesium binding domain from CorA, a protein involved in magnesium efflux (Knoop et al. 2005) . Increased biofilm formation under magnesium stress and increased sensitivity to magnesium led to the hypothesis that a mutation in SMc00722 may indirectly impact intracellular magnesium levels. Intracellular magnesium EPS-I production of Rm1021 (white bars) and SRmA687 (black bars) when grown with different concentrations of magnesium. An asterisk denotes a significant difference using Student's t-test (P < 0.05). A double asterisk denotes a significant difference using Student's t-test (P < 0.1) concentrations were analysed to determine if SMc00722 plays a role in regulating internal magnesium homeostasis. Cells were grown at 20 mM of magnesium as this concentration was determined to show no adverse effects on SRmA687. It was found that the intracellular concentration of magnesium in SRmA687 was significantly higher than Rm1021 (Fig. 4) .
A mutation in SMc00722 does not affect symbiosis
Mutations that affect membrane stability, or affect EPS-I production, often affect symbiotic development (Morris and Gonzalez 2009; Ardissone et al. 2011; Jones 2012; Geddes, González and Oresnik 2014) . When SRmA687 was inoculated onto alfalfa, it was found that it was as effective as the wild-type based on accumulated plant dry weights under standard conditions. In addition, when assayed for its ability to compete for nodule occupancy it was found to be as competitive as the wild-type (data not shown).
Increasing MgCl 2 and NaCl concentrations have been shown to affect EPS-II production in a similar manner (Miller-Williams, Loewen and Oresnik 2006) . Since SRmA687 was found to be sensitive to a number stresses, we wished to determine if adverse soil conditions such as increased salinity could affect symbiosis. Since NaCl does not affect the growth of SRmA687, plants inoculated with Rm1021 and SRmA687 were grown with increasing concentrations of NaCl. While alfalfa dry weights were found to decrease 40% at 150 mM NaCl compared to standard conditions, no statistical difference in dry weight was found in plants inoculated with Rm1021 or SRmA687 at any tested concentration (data not shown).
DISCUSSION
In this work, we set out to characterise mutations which would result in the overproduction of EPS-II under increased magnesium concentrations. While mutations that had increased EPS-II production were not isolated, a number of mutants that resulted in increased EPS-I production were isolated. Of interest was a mutation in SMc00722, a gene that is annotated as encoding a hypothetical transmembrane protein.
Through our characterisation it was determined that a mutation in SMc00722 resulted in a mucoid phenotype that was independent of expR + and was due to greater production of EPS-I (Fig. 1) . In addition, it was found that although a strain carrying this mutation had enhanced biofilms at elevated magnesium concentrations (Fig. 2) , it was also more sensitive to magnesium at these concentrations, and was generally sensitive to DOC (Fig. 3) . Of note, a BLASTP search of SMc00722 revealed a weak homology (E-value 1.75e-04) from amino acids 494-650 to the magnesium binding domain of CorA. CorA has been shown to be involved in magnesium efflux (Knoop et al. 2005) , and it is noteworthy that when SRmA687 was assayed it was found to have higher intracellular concentrations of magnesium (Fig. 4) . The phenotypes associated with a strain carrying a mutation in SMc00722 suggest general changes that are similar to those seen when an organism is coping with stress or has membrane alterations. Increased production of both EPS-I and biofilm has been associated with increased stress tolerance (Cunningham and Munns 1984; Costerton et al. 1995) . The ability of EPS-I to chelate divalent cations such as magnesium has been previously demonstrated (Sutherland 1997) , so the isolation mutants with increased EPS-I production due to magnesium or salt can . Intracellular magnesium concentrations. Intracellular magnesium concentrations of Rm1021 (white bars) and SRmA687 (black bars). Magnesium content was determined as described in Materials and Methods. The P value was determined to be 0.0014 using Student's t-test.
be explained as a direct response to a physiological stress. Previous studies on EPS produced by Rhizobium etli and Alteromonas macleodii sub fijensis show that each polysaccharide can bind ∼80 μg of magnesium or zinc respectively per mg of EPS (Loaëc, Olier and Guezennec 1998; Belcarz et al. 2013) . Based on our EPS quantification data (Fig. 1) , the amount of EPS-I being produced at higher magnesium concentrations would be ineffective at adsorbing enough magnesium to prevent buildup of intracellular magnesium. Thus, while increased production of EPS-I is observed in SRmA687, the strain is still sensitive to increased magnesium concentrations. We note that within the literature a number of reports have shown that EPS and cation concentrations are correlated (Appanna 1989; Mendrygal and González 2000; Miller-Williams, Loewen and Oresnik 2006) . Examples of magnesium affecting biofilm formation have also been previously reported in other bacteria (Costerton et al. 1995; Rinaudi et al. 2006; Mulcahy and Lewenza 2011) .
Our data show that the intracellular concentration of magnesium is significantly higher in SRmA687. Magnesium is essential to normal cell function and the concentration of this ion is regulated (Romani 2011) . Magnesium also appears to play a role in phosphate regulation (Moncrief and Maguire 1999) . Our working hypothesis is that SMc00722 plays a role in maintaining intracellular magnesium concentrations. The aberrant intracellular magnesium levels might be signalling a general stress response that is manifested as changes that we have detected. We suggest that SMc00722 should be annotated as mhrA (magnesium homeostasis related). The paucity of data on any orthologues of SMc00722 makes it difficult to assess whether the elevated intracellular magnesium concentration is a direct effect of mhrA. While the precise role of MhrA is still unknown, this work provides new information that may prove invaluable in ascribing function on this previously uncharacterised protein that is conserved throughout the α-proteobacteria.
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